Abstract-Frequency-agile cognitive radio is a potential solution to the problem of inefficient use of radio spectrum in the 30-300 MHz (VHF) range. This is especially attractive if networks based on this technology can operate in spectrum left unused by existing users, as opposed to being allocated new spectrum through refarming. This paper presents a preliminary survey of this band in a large U.S. city, with the goal of quantifying spectral occupancy and thereby gaining some insight into the feasibility of this approach. A comparable measurement of the 25-90 MHz band in a rural environment is also presented, for comparison. In the urban measurement, it is found that sufficient spectrum is probably available: for example, it is estimated that approximately 80% of the 30-60 MHz band is essentially free of signals to within about 7 dB of the environmental noise limit at 30 kHz spectral resolution. However, these measurements are limited in duration, spatial sampling, temporal density, and spectral resolution. Requirements for a more comprehensive measurement campaign are proposed.
I. INTRODUCTION
Frequency-agile cognitive radio is a potential solution to the problem of inefficient use of radio spectrum in the 30-300 MHz (VHF) range. In this concept, mobile radios observe the available spectrum and make intelligent, mutuallybeneficial choices as to operating frequency (and perhaps other parameters) dynamically. One possible implementation is to dedicate a set of fixed frequencies having predetermined bandwidth to this application. However, this would require a reallocation of at least some portions of the spectrum, which is onerous from both a political and regulatory perspective. Also, the amount of spectrum which could be allocated would likely be very limited. An alternative approach would be to allocate no new spectrum to this mode of operation, but to instead allow frequency-agile operation in spectrum which is allocated to other uses, but which are inactive much of the time. Although this would also involve formidable challenges of a regulatory nature, this approach is perhaps somewhat more attractive because much of the VHF spectrum is currently allocated to many uses that are inactive much of the time, such as two-way push-to-talk voice communications. Thus, a cognitive radio network could conceivably share those frequencies on a non-interference basis (i.e., transparent from the perspective of the existing users) and with no coordination required outside the cognitive radio network. If a frequencyagile cognitive radio network has access to a sufficient number of such channels, then it is possible that a very large system capacity could be achieved with no new allocation of spectrum.
The goal of this paper is to begin to quantify the extent to which the present-day VHF spectrum might be able to support this concept. The relevant metric is spectral occupancy, which is defined here as the probability that a signal above a specified threshold power is detected within a certain bandwidth and a certain time span. A proper characterization of spectral occupancy in a specified area would require weeks of continuous monitoring of about 300 MHz of spectrum with a time-frequency resolution on the order of a few seconds × a few kHz, at a variety of locations. Furthermore, the sensitivity of the measurements should nominally be at least equal to the sensitivity of any receivers that might be employed. Such measurements are extremely challenging, both technically and logistically. In this paper, we instead present some results from a very short measurement conducted at one location in a large U.S. city, with the goals of providing a quick look at the state of the VHF spectrum, identifying the "low hanging fruit" in terms of spectrum which appears immediately suitable for sharing with frequency-agile cognitive radio networks, and motivating future measurements which can more properly characterize the spectrum. For contrast, a measurement taken in a relatively remote rural location is also provided.
II. URBAN MEASUREMENTS

A. Instrumentation
The urban measurement was conducted during a weekday afternoon from the roof of a 2-story office building inside the city limits of Columbus, Ohio. The instrumentation consisted of an AOR Model DA3000 25 MHz to 2000 MHz discone antenna connected by a long cable to an Agilent Model E4407B spectrum analyzer, which was controlled by PC. The antenna was mounted about 14 m above ground level. The data were calibrated to remove the separately-measured transfer function of the cable connecting the antenna to the spectrum analyzer. Thus, the power spectral density (PSD) indicated in this paper is that measured at the terminals of the antenna.
The spectrum analyzer was configured for linear power detection (as opposed the default "auto-peak" mode) with 30 kHz resolution bandwidth. This allowed the spectrum from DC to 300 MHz to be measured in three 90 MHz segments each consisting of 3001 contiguous channels. 30 kHz is a little wider than the typical bandwidth of signals employed at the low end of the VHF spectrum. 1-5 kHz spectral resolution would be nominal, but in this case would have dramatically increased the difficulty of the measurements.
A few minutes of sweep data were collected over the course of about 5 minutes, during which every spectral channel was observed at least 400 times with a temporal resolution of about 83 µs. The data were analyzed using two different methods: (1) "Mean", in which power per 30-kHz channel is linearly averaged in time, and "Maximum" ("max"), in which the result for any given channel is the maximum power ever observed in that channel. Together, the mean and max results provide a simple characterization of the temporal behavior of a channel: For example, when the results are equal, it suggests a single transmitter which is always on and which experiences no fading (and so is probably not moving either). At the other extreme, a large difference between the mean and max measurements suggests intermittent use of the channel.
To provide a rough estimate of sensitivity, the antenna was replaced by a matched load at ambient temperature and the experiment was repeated. From this it was determined that the mean PSD of the system noise in a single sweep was less than −132 dB(mW/Hz). The minimum detectible persistent signal (MDS) after averaging is therefore about −87 dBm in the 30 kHz channel bandwidth.
It is useful to compare this to the ambient noise floor; that is, the noise present in the environment which therefore bounds the sensitivity of any receiver. This can be expressed in terms of the "median environmental noise figure" F am , which is defined as the environmental noise power density relative to −174 dB(mW/Hz), which corresponds to a reference temperature of 290 K. F am decreases monotonically from about 35 dB at 30 MHz to about 8 dB at 300 MHz in a "business" environment [1] , corresponding to −94 dBm and −121 dBm per 30 kHz, respectively. Based on these values, the sensitivity of the measurements presented here are estimated to be about 7 dB above the environmental noise-limited sensitivity at 30 MHz, and about 34 dB above at 300 MHz. Therefore, the measurements have reasonably useful sensitivity in the low-frequency portion of the VHF band, whereas spectral occupancy at the high end of the VHF band may be significantly underestimated as the result of signals which are undetected here but could be detected by appropriately-designed receivers.
Finally, we note that replacing the antenna with a matched load provides about 40 dB isolation between the environment and the measurement system. The isolation is not perfect because VHF frequencies effectively penetrate directly into the test equipment. As a result, the "matched load" PSDs exhibit some break-through of the strongest signals, but are otherwise valid. avoided because this band includes aviation communications and satellite downlinks, which may not be good candidates for sharing with cognitive radio. The spectral occupancy for the 30-60 MHz band in shown in the form of a cumulative distribution function (CDF) in Figure 4 . The CDF is taken directly from the data shown in Figure 1 , as opposed original (sweep) data, and thus represents only spectral, not temporal occupancy. Note that the observed "noise floor" is about 8 dB higher for the max PSD than for the mean PSD, which is an expected consequence of the Gaussian distribution of the noise. It is interesting to note that about 80% of the channels exhibit mean power not significantly above the sensitivity limit, which suggests that the spectrum is indeed quite sparsely used, which is encouraging. Also encouraging is the relatively low maximum powers observed, as this implies manageable dynamic range requirements for a receiver which must continuously monitor this entire band for openings.
B. Results
A related consideration is the contiguous bandwidth available between occupied channels. To quantify this, the number of open spaces between occupied channels and the bandwidth of these openings was analyzed, with results shown in Fig Figures 6 and 7 show the analogous results for the 140-180 MHz band. In this band we see about the same number of channels (∼ 80%) which exhibit mean power not significantly above the sensitivity limit, but relatively large maximum powers. At a threshold level of −87 dBm per 30 kHz, there were 67 openings of 30 kHz or larger in the mean PSD, with the mean opening being slightly narrower (411 kHz) and the maximum opening being about 3.3 MHz wide. However, because the sensitivity of the measurement system is somewhat worse in this band compared to the 30-60 MHz band, these findings should be interpreted with care. 
III. RURAL MEASUREMENT
The sensitivity of the above measurements is limited by the high noise figure of the instrumentation. Better sensitivity would require a preamplifier at the antenna; however the additional gain would result in the generation of significant levels of intermodulation (due primarily to the strong broadcast TV and FM signals), which are difficult to discriminate from bona fide signals. It is possible to achieve better sensitivity at rural locations, where broadcast signals tend to be weaker. Of course, one might expect the spectral occupancy to be different in a rural region as well. Nevertheless, it provides useful context to compare the above results, obtained in an urban area, to those obtained from a rural area.
Measurements using different equipment were performed at the Pisgah Astronomical Research Institute (PARI), located at a mountainous rural site near Rosman, NC. In this case the antenna was a horizontally-oriented broadband "fat" dipole (described in [2] ) with good performance from 30 MHz to 90 MHz, connected to an "active balun" preamplifier with sufficient gain to set the noise figure at about 5 dB. This was connected using a long cable to a custom-built fast Fourier transform (FFT) spectrometer, which measures PSD in a 4 MHz span from anywhere in the range 30-90 MHz, with a 610 Hz channel width. The MDS after a few minutes of integration is about −145 dB(mW/Hz), which is 13 dB better than the urban measurements described above. Figure 8 shows a typical measurement, in this case the "mean" result only. Broadcast TV channels 2-6 are all detected (through their narrowband video and audio carriers), although all but Channel 4 are very weak. It is difficult to make any conclusions about the temporal aspect of mobile radio activity from this measurement, but it is clear that there is very little activity detected at a level greater than −110 dBm per 610 Hz.
IV. IMPLICATIONS FOR COGNITIVE RADIO
It is noted that the spectral occupancy is indeed sparse in the measurements reported here. There is very little evidence of persistent activity above −87 dBm per 30 kHz in the urban setting, or above −110 dBm per 610 Hz (−93 dBm per 30 kHz) in the rural setting. In the urban setting, 30-60 MHz and 140-180 MHz were observed to be possible candidates for frequency-agile operation. In these bands, 40 and 67 openings (respectively) were found with bandwidths ranging from less than 30 kHz to greater than 3 MHz. However, it is possible that the 140-180 MHz band statistics could change if the sensitivity of the measurement in that band improves; see the discussion in Section II-A. Also, it should be noted that in other locations, broadcast TV stations using different channels may be dominant. Nevertheless, these are generally positive findings with respect to the prospects for frequencyagile cognitive radio.
The measurements presented here are crude and additional effort is required to develop a compelling assessment. In particular, future measurements should strive for continuous observation at multiple locations over long (∼weeks) periods with time-frequency resolution of 1 kHz × 1 ms (the latter corresponding to a reasonable lower limit on the channel coherence time). Sensitivity should nominally be comparable to the expected noise floor described in [1] . These are challenging requirements but the resulting data are essential for a compelling assessment of the feasibility and likely capacity of frequency-agile cognitive radio networks which operate in non-allocated spectrum on a non-interference basis with the primary users.
